Ever since its first production roughly 4000 years ago, iron has played a central role in human 25 society due to its excellent mechanical properties and the abundance of its ores. Today, iron is 26 used in much larger quantities than any other metallic material (1) and is indispensible in 27 infrastructure, transportation, and manufacturing. A major drawback is the susceptibility of iron 28 to corrosion. Corrosion of iron and other metals causes enormous economic damage. Across all 29 industrial sectors the inferred costs of metal corrosion have been estimated to range between 2 30 and 3% of GDP in developed countries (2, 3). These costs are to a large extent caused by 31 corrosion of iron, due to its abundant use and particular susceptibility to oxidative damage. 32
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Estimates of the costs attributable to biocorrosion of iron lack a computed basis, so that they vary 33 widely and definite numbers cannot be given with certainty. Still, microbially influenced 34 corrosion (MIC) probably accounts for a significant fraction of the total costs (4, 5, 6, 7) and due 35 to its effects on important infrastructure in the energy industry (such as oil and gas pipelines), 36 costs in the range of billions of dollars appear realistic. 37
Protection of iron against almost all types of corrosion can be achieved by painting or other 38 coating. However, these measures are technically not always feasible (e.g. inside pipelines or 39 tanks) and have a limited service life (8) . Alloying of iron with more active metals such as 40 chromium, nickel and molybdenum, on the other hand, yields stainless steels of high corrosion 41 resistance. Still, large scale application of stainless steels is economically not achievable to any 42 extent. As a result, corrosion-prone carbon steel (typically ≥98% Fe 0 ) is the most widely used 43 metal in technical infrastructure such as oil and gas pipelines (2, 9). 44
Except for some cases caused by erosion or mechanical stress, the corrosion of iron is mostly 45 an electrochemical process (10, 11) electrons, which cannot enter the aqueous phase, are removed from the surface by a suitable 55 chemical reactant. The most common reactant in iron corrosion is molecular oxygen (E°' = +0. 81 56 V) and corrosion of iron in oxic environments ultimately leads to the formation of various iron 57 (hydr)oxides ('rust'). 58 In the absence of oxygen, on the other hand, the most common electron acceptor for iron 59 oxidation are protons from dissociated water. Here, the cathodic reaction is proton reduction to 60 molecular hydrogen: 61 2 e − + 2 H + ⇄ H 2 (2) 62
Owing to the condition of electroneutrality, the anodic and cathodic half-reactions are 64 stoichiometrically coupled, which in the case of Eqs (1) and (2) yields the net reaction 65 However, reaction (2) is 'kinetically impeded' (14, 15) and particularly slow at pH > 6, where 71 proton availability is limiting (16) . Hence iron corrosion is technically insignificant in the 72 absence of oxygen or acid and iron constructions in many anoxic environments (e.g. marine 73 sediment, water-logged soil) could, in principle, last for centuries. 74 However, the scenario described above changes in the presence of microorganisms, some of 75 which dramatically accelerate corrosion kinetics. This is particularly true in environments with 76 little or no oxygen and pH > 6, i.e. where from a purely chemical point of view, corrosion rates 77 should be low. In technology, the phenomenon is referred to as (anaerobic) microbially 78 influenced corrosion (MIC) or anaerobic biocorrosion. (5, 17, 18, 19, 20) . Microbial corrosion in oxic environments for instance, 82 typically originates from localized colonization and microbial O 2 consumption at iron surfaces 83 which can trigger preferential material loss at these sites ('pitting', 21, 22, 23) . Additionally, 84 dissolution of protective 'rust' deposits by aerobic iron-oxidizing microorganisms can influence 85 corrosion rates (24, 25, 26) . Under anoxic conditions or in systems with only temporary O 2 86 ingress, microbial corrosion tends to be even more pronounced. Here, corrosion results from 87 microbial metabolic products such as organic acids (27, 28) , hydrogen sulfide (12, 29, 30) or 88 other corrosive sulfur species (31, 32, 33, 34) . In addition to these indirect effects, more direct 89 interactions between certain microorganisms and iron have been demonstrated (12, 35, 36, 37, 90 38, 39 from the degradation of organic matter or from molecular hydrogen, which is a common 99 fermentation product in soil, sediment and other anoxic settings (52) . The suggested key function 100 of SRB in biocorrosion is principally grounded on the following three observations. Firstly, iron 101 in anoxic environments containing sulfate, i.e. the electron acceptor of SRB, is particularly prone 102 to microbial corrosion ( Fig. 1 ; 37, 53, 54). Secondly, SRB or their characteristic corrosion 103 product FeS, are ubiquitously found on anaerobically corroded iron (54, 55, 56, 57, 58, 59) . 104 Thirdly, with corrosion rates of up to 0.9 mm Fe 0 yr -1 (35 mpy), pure laboratory-grown SRB 105 cultures corrode iron to an extent (12, 60, 61) that matches even severe cases of corrosion in the 106 field. Hence, field data strongly suggest a prominent role of SRB in anaerobic iron corrosion 107 while laboratory investigations provide the plausible mechanistic explanations (5, 12, 51) . 108 This review will first give a brief account of the historical twists in the perception of SRB-109 induced corrosion. We will then comment on the question of how SRB phylogeny relates to 110 corrosion and finally discuss in detail the respective mechanisms that are currently believed to 111 most severely affect iron in sulfate-rich environments. 112 
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The first evidence for an involvement of SRB in anaerobic corrosion was already provided 114 more than a hundred years ago. In 1910, Gaines (62) accelerates iron corrosion to any significant extent (39, 47, 67, 76) . It should be stressed at this 139 point that the study of a direct corrosive effect of SRB requires the use of essentially organic-free 140 cultivation media to avoid unnecessary complication or even misinterpretation of data resulting 141 from the corrosive effects of H 2 S. 142
In fact it seemed at the time that much of the corrosiveness of SRB could be attributed 143 entirely to their formation of H 2 S, which is a powerful cathodic and anodic reactant (29, 65, 77) . 144 corrosion as compared to sterile tests when grown in organic-free (lithotrophic) cultures, these 166 novel isolates accelerated iron oxidation up to 71-fold under the same conditions (12) . The 167 existence of such a direct mechanism of electron uptake had previously been considered by some 168 investigators (55, 86) , but without the availability of defined model organisms for experimental 169 validation. Recently, the process could be studied in much detail (12, 87) and the term 'electrical 170 microbially influenced corrosion' (EMIC) was proposed (12) . EMIC, which is fundamentally 171 different from the corrosive effects of biogenic H 2 S, can destroy metallic structures at rates of 172 high technological relevance ( Fig. 2; 12, 60) . fulgidus may well contribute to corrosion in oil and gas producing facilities, particularly under 185 conditions too hot to allow for the growth of their bacterial sulfidogenic counterparts (90, 91) . 186
However, there is currently only a limited number of sulfate-reducing isolates for which 187 EMIC has been demonstrated and these are, thus far, all members of the deltaproteobacterial 188 families Desulfovibrionaceae and Desulfobulbaceae (Fig. 3, highlighted in orange) . Two of the 189 isolates, Desulfovibrio ferrophilus and Desulfopila corrodens, have been key to the recent 190 investigation of this new type of microbe-metal interaction (12, 39, 60, 87) . Such strains have 191 probably evaded earlier discovery as they are rapidly out-competed by 'conventional ' 192 organotrophic SRB in the commonly used media that employ high concentrations of organic 193 substrates such as lactate (92, 93) . It should be emphasized in this context that many of the 194 commonly studied organotrophic SRB do not show the capability to corrode iron directly via the 195 EMIC mechanism (12, 39, 47) . The molecular mechanisms that enable certain SRB to withdraw electrons directly from iron 210 are currently unknown. Likewise, there is presently no information whether this is a genetically 211 fixed trait or whether also 'conventional' hydrogenotrophic SRB can adapt to iron utilization 212 when exposed to it over long periods of time (12) . It is assumed that direct electron uptake from 213 iron involves outer membrane redox proteins such as c-type cytochromes (39), found in other 214 microorganisms that interact with extracellular electron donors (95, 96) and acceptors (97, 98) . 215 This is certainly an exciting area for future research with possible synergies with other topics in 216 the developing scientific discipline of 'electro-microbiology'. 217
Generally, microbial uptake of electrons from extracellular surfaces is a widespread and 218 ecologically significant process in many environments (99, 100, 101, 102) . constructions (12) . We hence hypothesize that the remarkable ability of certain SRB to withdraw 236 electrons from metallic iron is in fact derived from their ability to accept electrons from other 237 biotic and abiotic external surfaces (12) . 238
EMIC vs. CMIC -emerging theories in SRB-induced corrosion 239
Obviously, there is no single, generalized explanation for SRB-induced corrosion. Yet a 240 causal understanding of the basic underlying mechanisms and principles is possible. Generally, 241 abiotic corrosion of iron in anoxic, circum-neutral environments is a very slow process if proton 242 reduction to H 2 (Eq. 2) is the most important cathodic (i.e. electron-accepting) reaction (Fig. 2D-243 F). However, there are particular environments that support proliferation of sulfate-reducing 244 bacteria which, once present in sufficient numbers, can profoundly affect metal corrosion. 245
Corrosion may proceed 70-90 times faster in the presence of SRB than under the conditions of 246 sterile control experiments (12, 105 ; compare also Fig. 2A-C with Fig. 2D-F conditions (e.g. as in Fig. 2D-F) . In fact, experiments with hydrogen-consuming SRB and iron as 257 the only electron donor consistently showed that SRB were capable of using cathodic hydrogen 258 as a substrate but that this did not affect iron corrosion to any significant extent (39, 47, 67, 76, 259 87). In conclusion, kinetic considerations and empirical studies explicitly demonstrate that 260 microbial consumption of H 2 cannot and does not accelerate iron corrosion. 261 EMIC, on the other hand, circumvents the slow, abiotic formation of cathodic hydrogen (Eq. 262
3) and allows SRB to utilize iron more efficiently as an electron donor by direct uptake of 263 electrons from iron oxidation (Fe 0 → Fe 2+ + 2 e -). Specialized 'electron-consuming' sulfate 264 reducers can corrode iron progressively and at very high rates ( Fig. 2A-C) . Here, the anodic 265 dissolution of iron results from electron consumption by sulfate reduction (Fig. 4A) , i.e. a 266 cathodic reaction that is kinetically impossible at room temperature and in the absence of 267 biological catalysis. EMIC by SRB is characterized by the formation of large amounts of 268 inorganic corrosion products at a distinct stoichiometry (Fig. 4A) calculated that less than 4% (wt/wt) of these biogenic corrosion products is actually biomass, 274 while the remainder consists of inorganic ferrous minerals and other mineral precipitates (12) . 275
The same study (12) chemisorption and direct reaction with metallic iron (65, 110, 111) . However, once the metallic 303 surface is covered with inorganic corrosion products such as FeS, cathodic reactions become 304 more important drivers of metal oxidation (82) . It has been suggested that such cathodic 305 stimulation results from biogenic dissolved sulfides (29, 84, 105, 112) . Accordingly, sulfide 306 anions act as a shuttle for bound (uncharged) protons, thereby increasing the availability of 307 protons as electron acceptors at cathodic sites (84, 86, 113) . In principal, reduction of sulfide-308 bound protons should occur at the metal and at FeS surfaces alike, but the latter may provide a 309 particularly large cathodic surface area (Fig. 4B) while the former may become increasingly 310 inaccessible due to coverage with organic and inorganic 'biofilm'. Rapid hydrogen evolution 311 from 'H 2 S reduction' with iron has been observed both in the presence (30) with pure laboratory-grown SRB cultures report lower corrosion rates in media with organic 319 electron donors (6, 105, 114, 115) . 320 SRB inflict damage on metal infrastructure in yet another way as hydrogen sulfide decelerates 321 (poisons) the combining of hydrogen atoms into molecular hydrogen at the metal surface (116) . 322
This leads to the diffusion of a higher fraction of hydrogen atoms into the metal matrix. 323
Combination of absorbed atomic hydrogen to hydrogen gas (H 2 ) within the metal -often along 324 internal inclusions (117) -causes embrittlement of the metal (Fig. 4D) It has been reported that crystalline iron sulfides stimulate iron corrosion in sterile, sulfide-350 free incubations (78, 80, 121, 122) . This is most likely due to catalysis by FeS of the chemical 351 (abiotic) reduction of protons (Fig. 4E) . The role of FeS in SRB-induced corrosion was 352 emphasized by several authors (78, 79, 81) , but the exact mechanisms are apparently complex 353 and insufficiently understood (51) . Newman et al. (1991) found the stimulatory effect of FeS to 354 be small upon closer inspection and stated that the increased cathodic surface area provided by 355
FeS was probably more important than its catalytic properties (82) The stimulation of corrosion by iron monosulfides (Fig. 4E) , on the other hand, was generally 370 rather low (≤ 0.06 mm Fe 0 yr -1 , ≤ 2.5 mpy) with fine suspensions of the minerals (78, 80, 86) and 371 negligible with more compact crusts (87) . 372
Electrical microbially influenced corrosion (EMIC; Fig. 4A ), on the other hand, led to 373 progressive oxidation of metallic iron even in the complete absence of organic electron donors 374 (Fig. 2) . Corrosion rates of up to 0.9 mm Fe 0 yr -1 (36 mpy) have been reported for long-term 375 incubations during months when alkalization of cultivation media due to biocorrosion (compare 376 Fig. 4A ) was prevented by using small iron specimens in large quantities of fluid (12, 61) . 377
However, in vitro corrosion rates alone are an insufficient indicator of the relevance of the 378 individual corrosion processes in situ. SRB capable of the EMIC mechanism corrode iron at 379 technically highly relevant rates and would hence make for interesting targets of field surveys to 380 better evaluate the significance of this corrosion mechanism. However, currently available strains 381 are apparently not more closely related to each other than they are to other 'conventional' SRB 382 (compare Fig. 3 ), so that a molecular detection of 'EMIC SRB' as a group based on 16S rDNA 383 does not seem to be a promising application at this point. The analysis of corrosion products was 384 proposed as another useful indicator (37). CMIC and EMIC produce corrosion products with 385 inherently different relative amounts of sulfidic and non-sulfidic iron. While CMIC produces FeS 386 as the sole mineral product, FeS accounts for only about 25% of the total iron minerals formed by 387 the EMIC mechanism (see reference 12; compare also equations A and C in Fig. 4 ). This was 388 used to quantitatively infer the contribution of EMIC to total SRB-induced corrosion from 389 corrosion product analysis (12) . Indeed it was demonstrated that serious corrosion damage of 390 buried iron coupons in permanently anoxic marine sediment of the German North Sea was solely 391 due to EMIC (12 
Concluding remarks 398
This brief review discussed the microbial mechanisms that lead to progressive corrosion of 399 iron in anoxic, sulfate-rich environments. Principally, two scenarios must be distinguished. This 400 is firstly, the chemical microbially influenced corrosion (CMIC) of iron by hydrogen sulfide from 401 microbial sulfate reduction with 'natural' organic substrates. Secondly, SRB corrode iron by 402 direct utilization of the metal itself ( Fig. 2A-C previously anoxic systems can lead to the formation of highly corrosive sulfur species from the 410 partial oxidation of dissolved H 2 S and biogenic FeS deposits at steel surfaces (124, 125, 126) . 
